The current-induced spin-orbit torques (SOTs) in the perpendicularly magnetized Ir 22 Mn 78 / Co 20 Fe 60 B 20 /MgO structures are investigated. The damping-and field-like torques are characterized using a harmonic technique. The spin Hall angle of Ir 22 Mn 78 is determined to be h SHE ¼ þ0.057 6 0.002. The SOT-driven magnetization switching is also demonstrated with the assistance of an external in-plane field. Furthermore, the magneto-optical Kerr effect imaging experiments show that the magnetization switching is realized through domain nucleation and domain wall motion. These results may promise potential practical applications in high-performance SOT devices based on the antiferromagnetic materials. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4968785] Spin-orbit torque (SOT) has attracted considerable attention as a potential write method for switching perpendicular magnets in magnetic memories, which allows for a lower write energy compared with the conventional spintransfer torques.
Spin-orbit torque (SOT) has attracted considerable attention as a potential write method for switching perpendicular magnets in magnetic memories, which allows for a lower write energy compared with the conventional spintransfer torques. [1] [2] [3] [4] A commonly studied SOT device is based on a perpendicularly magnetized stack consisting of heavy metal (HM)/ferromagnet (FM)/insulator layers. In this structure, when an in-plane (IP) current flows in the HM layer, a pure spin current can be generated and, therefore, exert torques on the FM layer. The current-induced SOTs are believed to originate from the spin Hall effect (SHE) 5, 6 of the HMs or/and the Rashba effect. 7 The SOT can be divided into two mutually orthogonal components, the damping-and field-like torques. Importantly, the magnetization can be switched by the damping-like torque with the assistance of an external magnetic field for the perpendicularly magnetized structures based on the heavy metals with large spin Hall angles (h SHE ), such as Ta, 4, [8] [9] [10] [11] [12] [13] [14] Pt, [15] [16] [17] [18] [19] [20] [21] [22] [23] and W. 24 More recently, studying the SOTs in the antiferromagnet (AFM)-based structures has become a promising direction, due to the exotic properties of the AFMs, e.g., the insensitivity to magnetic field, the lack of stray field 25 and excellent highfrequency properties. 26 The spin Hall angles in different AFMs of FeMn, 27, 28 PdMn, 28, 29 IrMn, 28, [30] [31] [32] [33] and PtMn 28, 34 have been studied in the previous experiments. A few experiments have further demonstrated the SOT-driven perpendicular magnetization switching in the AFM-based structures. [34] [35] [36] The development of utilizing the SOTs for magnetization switching is thus particularly interesting for applications. In this work, the current-induced SOTs in a perpendicularly magnetized Ir 22 Mn 78 (IrMn)/Co 20 Fe 60 B 20 (CoFeB)/MgO structure are investigated. The damping-and field-like torques are measured using the harmonic technique, and the spin Hall angle of IrMn is obtained. Subsequently, the SOT-driven magnetization switching is demonstrated with the assistance of an external in-plane field. The polar magneto-optical Kerr effect (MOKE) imaging experiments reveal that the switching is achieved via current-driven domain nucleation and domain wall (DW) motion processes.
The films consisting of IrMn(5)/CoFeB(1)/MgO/Ta(1) (thicknesses in nm) were grown by magnetron sputtering at room temperature on Si substrates capped with 100 nm thermal oxide. The base pressure of the sputtering chamber is lower than 2 Â 10 À8 Torr. The films were annealed at 250 C in vacuum under an out-of-plane (OOP) field. In order to investigate the current-induced SOTs, the films were patterned into Hall bar devices using a standard photolithography and dry etching technique. All the measurements were carried out at room temperature.
The micrograph of the device and the measurement setup are shown in the lower inset of Fig. 1(a) . The dimensions of the current channel (in x-axis direction) are 11 lm Â 38 lm. The in-plane (IP) and out-of-plane (OOP) hysteresis loops were measured by anomalous Hall effect (AHE), as shown in Fig. 1 . As we know, the AHE resistance is proportional to the perpendicular magnetization component (in our case, the anomalous Hall coefficient is negative, i.e., R AHE / À M z ). The abrupt switching in the OOP direction verifies that the easy axis is in the OOP direction. The OOP hysteresis loop in low field region is shown in the upper inset. A large exchange bias field, H EB , of À290 Oe is obtained, which favors M z > 0 (i.e., R AHE < 0) direction. The out-of-plane exchange bias also has an influence on the IP loop. When sweeping an IP magnetic field, the anomalous resistance is always negative, indicating M z > 0, which is favored by the out-of-plane exchange bias.
Next, we investigate the current-induced SOTs using the well-established harmonic technique. 8, 9, 17, 37 The measurement details are presented as following: A small sinusoidal current (I ¼ I ac sinð2pftÞ, which has peak value of I ac and 
where K u denotes the perpendicular magnetic anisotropy constant, DI is the magnitude of sinusoidal current, u is the azimuthal angle (with respect to y axis) of magnetization, and M S denotes the saturation magnetization of the ferromagnetic layer. When the in-plane external field is applied along the transverse (longitudinal) direction, the angle value is u ¼ 0 ðp=2Þ. The damping-like (DH x ) and field-like (DH y ) effective fields can be obtained by the following equations:
We point out that Eq. (2) is obtained when the perpendicular exchange bias field is considered. The planar Hall resistance in this structure is $0.09 X, which is negligible compared with the anomalous Hall resistance $3.0 X (see Fig. 1 ). Therefore, we neglect the contribution of the planar Hall effect to the longitudinal and transverse effective fields. , respectively. Assuming the damping-like torque is solely originated from the spin Hall effect, the spin Hall angle can be obtained from the damping-like field using 40 
, where jej and t F represent the absolute value of electron charge and ferromagnetic layer thickness, respectively, and M S is determined to be $1022 emu/cc measured by SQUID at room temperature. The obtained spin Hall angle of Ir 22 Mn 78 is 0.057 6 0.002, which is consistent with the previous reports. 30, 33 The sign of the spin Hall angle of IrMn is the same as that of Pt, 14, 23 but opposite to that of Ta. 4 The spin Hall angle of Ir 22 Mn 78 is larger than the reported value of Ir 50 Mn 50 , 31 although the former has less heavy metal element Ir. This may suggest that the spin Hall effect in this material is not solely determined by the quantity of the heavy metal Ir. 41 We next prove that current-induced Oersted field cannot account for the observed field-like effective field. The currentinduced Oersted field can be expressed as 33 H Oe % I Oe =2w, where I Oe is the current in the IrMn layer and w is the width of the Hall bar (w ¼ 11 lm). The obtained field-like effective field is 2.4 times larger than the Oersted field (0.30 mT per 10 7 A/cm 2 ) induced by the current in IrMn layer. In addition, the former is in the opposite direction to the latter. Therefore, the observed field-like effective field cannot be attributed to the current-induced Oersted field. The field-like effective field may originate from the spin Hall effect 42 or/and the Rashba effect. 43 The observed field-like torque is smaller than those in Ta-($2.5 mT per 10 7 A/cm 2 ) 13 and Pt-($3.2 mT per 10 7 A/cm 2 ) 17 based structures. In the following, we demonstrate that the SOT enables current-driven perpendicular magnetization switching. During the current sweeping, a constant in-plane field collinear with the current is applied, which is required for breaking the symmetry to realize deterministic switching. 19, 44, 45 Figures 3 (a) and 3(b) show the current-driven magnetization switching with magnetic fields along positive and negative x directions. When a positive in-plane field is applied, a positive current switches the magnetization from M z > 0 to M z < 0. The favored magnetization direction is reversed when the in-plane field is reversed, which is a typical signature of SOT switching. 4, 23 It should be noted that, for the switching from M z > 0 to M z < 0, the anomalous Hall resistance does not reach the maximum value, as obtained in the OOP hysteresis loop (see Fig. 1 ). This is mainly because of the incomplete switching at the cross section, due to the joint effect of the reduced current density and additional pinning effect at the cross section of the Hall bar, which will be discussed later based on the MOKE imaging experiments. The thermal effect may also reduce anomalous Hall resistance and/or generate a very small vertical offset in hysteresis loop, which however is believed to be non-significant. In principle, a larger current density should be able to realize complete switching. However, the device is burned when the applied current is larger than the maximum current shown in Fig. 3(a) .
As illustrated in the switching phase diagram (SPD) in Fig. 3(c) , the polarity of the switching indicates a positive spin Hall angle, which is consistent with the results of the harmonic measurements. In addition, we calculate the switching efficiency, g ¼ ðH k À H x Þ=J c , where H k and J c are the anisotropy field ($10 kOe from IP loop, as shown in Fig.  1 ) and critical switching current density, respectively. The switching efficiency is determined to be $4.2 kOe per 10 7 A/ cm 2 , which is comparable to those in Ta ) and Pt-($1.0-4.7 kOe per 10 7 A/cm 2 ) based systems. 20, 46 The inset indicates the region (gray color) where the magnetization cannot be switched by the given currents. The narrow region, $20 Oe, reveals that the switching can be realized with the assistance of a small external field. This feature may provide advantages when the external magnetic field is replaced by the in-plane exchange bias for the fieldfree SOT-driven switching, 35, 47 since only a small external field is required to enable the switching. The narrow nonreversal region may be due to the weak DzyaloshinskiiMoriya interaction (DMI), since the required minimum in-plane field for switching is correlated with the DMI strength. 11, 45, 48 In order to investigate the process of SOT-driven magnetization switching, we performed polar MOKE imaging experiments. Figure 4 shows the observed magnetization configurations when different external magnetic fields and currents are applied. Here, the dark (light) area represents M z < 0 (M z > 0), respectively. First, we apply an out-of-plane magnetic field to align the magnetization to the M z < 0 direction (see Fig. 4(a) ). Then, an in-plane field, H x ¼ 303 Oe, and a negative pulse current density, J ¼ À1.76 Â applied (negative sign denotes that the current flows to right). The MOKE images are captured after applying the current pulses with 1 s duration. The results indicate that the domain nucleation starts from the edges of the Hall bar, and the generated domain walls (DWs) propagate from the edges to the center of the device (see Figs. 4(b) and 4(c) ). This observation shows that the applied in-plane magnetic field is large enough to overcome the chirality of domain wall, resulting in the deterministic reversal. We point out that, in the current channel, the switching is not completely achieved in the cross section of the Hall bar, even for a larger current. This is actually consistent with the results of the transport measurement. This may be due to either the lower current density (since the current path becomes wider at the cross section) or additional pinning effect from the cross section. 49 However, the complete switching is realized in the other regions of the current channel. Next, when we start to apply a positive current, the magnetization is switched back. Again, the switching is achieved through magnetization nucleation at the left and right edges and subsequent domain wall motion from edges to the center. As shown in Figs Fig. 4 indicate that the switching takes place through domain nucleation and DW propagation. 11, 50, 51 In summary, the SOTs are investigated in a perpendicularly magnetized IrMn/CoFeB/MgO structure. The dampingand field-like torques are measured by the harmonic technique, and the large spin Hall angle of IrMn is obtained to be around 0.057. The SOT-driven magnetization switching is realized with the assistance of an in-plane external magnetic field. The narrow non-reversal region will facilitate the switching because the switching can be realized with a small symmetry-breaking field. The polar Kerr imaging experiments show the magnetization switching process in details, which clearly demonstrates that the switching takes place through domain nucleation and domain wall motion. Hopefully, these experimental results can encourage more detailed researches and facilitate the design of SOT devices based on the AFM materials.
Note added in proof: We would like to state that we realized a similar work was done by another group when we were preparing the revised manuscript. 36 We pointed out that the exchange bias is out-of-plane in the studied materials, which is different from the previous studies, where the exchange bias is in-plane. 36 
